Neurofibromatosis type 2 (NF2) is a multiple neoplasia syndrome and is caused by a mutation of the NF2 tumor suppressor gene that encodes for the tumor suppressor protein merlin. Biallelic NF2 gene inactivation results in the development of central nervous system tumors, including schwannomas, meningiomas, ependymomas, and astrocytomas. Although a wide variety of missense germline mutations in the coding sequences of the NF2 gene can cause loss of merlin function, the mechanism of this functional loss is unknown. To gain insight into the mechanisms underlying loss of merlin function in NF2, we investigated mutated merlin homeostasis and function in NF2-associated tumors and cell lines. Quantitative protein and RT-PCR analysis revealed that whereas merlin protein expression was significantly reduced in NF2-associated tumors, mRNA expression levels were unchanged. Transfection of genetic constructs of common NF2 missense mutations into NF2 gene-deficient meningioma cell lines revealed that merlin loss of function is due to a reduction in mutant protein half-life and increased protein degradation. Transfection analysis also demonstrated that recovery of tumor suppressor protein function is possible, indicating that these mutants maintain intrinsic functional capacity. Further, increased expression of mutant protein is possible after treatment with specific proteostasis regulators, implicating protein quality control systems in the degradative fate of mutant tumor suppressor proteins. These findings provide direct insight into protein function and tumorigenesis in NF2 and indicate a unique treatment paradigm for this disorder. N eurofibromatosis type 2 (NF2) is a multiple neoplasia syndrome with an incidence of 1 in 25,000 live births (1). It is the result of the mutation of the NF2 tumor suppressor gene that is on the long arm of chromosome 22 and can be inherited in an autosomal dominant manner. The NF2 gene encodes for the tumor suppressor protein merlin (69 kDa). Merlin indirectly regulates cellular pathways involved in tumorigenesis, including cell to cell adhesion, cytoskeletal architecture, and membrane protein organization (2-4). Decreased or absent merlin function in NF2 predisposes patients to develop a number of nervous system tumors, including bilateral vestibular schwannomas (over 90% of patients), other cranial nerve schwannomas (25-50%), meningiomas (50%), ependymomas (20-50%), and astrocytomas (5, 6).
Neurofibromatosis type 2 (NF2) is a multiple neoplasia syndrome and is caused by a mutation of the NF2 tumor suppressor gene that encodes for the tumor suppressor protein merlin. Biallelic NF2 gene inactivation results in the development of central nervous system tumors, including schwannomas, meningiomas, ependymomas, and astrocytomas. Although a wide variety of missense germline mutations in the coding sequences of the NF2 gene can cause loss of merlin function, the mechanism of this functional loss is unknown. To gain insight into the mechanisms underlying loss of merlin function in NF2, we investigated mutated merlin homeostasis and function in NF2-associated tumors and cell lines. Quantitative protein and RT-PCR analysis revealed that whereas merlin protein expression was significantly reduced in NF2-associated tumors, mRNA expression levels were unchanged. Transfection of genetic constructs of common NF2 missense mutations into NF2 gene-deficient meningioma cell lines revealed that merlin loss of function is due to a reduction in mutant protein half-life and increased protein degradation. Transfection analysis also demonstrated that recovery of tumor suppressor protein function is possible, indicating that these mutants maintain intrinsic functional capacity. Further, increased expression of mutant protein is possible after treatment with specific proteostasis regulators, implicating protein quality control systems in the degradative fate of mutant tumor suppressor proteins. These findings provide direct insight into protein function and tumorigenesis in NF2 and indicate a unique treatment paradigm for this disorder. N eurofibromatosis type 2 (NF2) is a multiple neoplasia syndrome with an incidence of 1 in 25,000 live births (1) . It is the result of the mutation of the NF2 tumor suppressor gene that is on the long arm of chromosome 22 and can be inherited in an autosomal dominant manner. The NF2 gene encodes for the tumor suppressor protein merlin (69 kDa). Merlin indirectly regulates cellular pathways involved in tumorigenesis, including cell to cell adhesion, cytoskeletal architecture, and membrane protein organization (2) (3) (4) . Decreased or absent merlin function in NF2 predisposes patients to develop a number of nervous system tumors, including bilateral vestibular schwannomas (over 90% of patients), other cranial nerve schwannomas (25-50%), meningiomas (50%), ependymomas (20-50%), and astrocytomas (5, 6) .
Missense mutations in the coding sequences of the NF2 gene occur in NF2. After biallelic inactivation, these and other types of NF2 gene mutations result in loss of merlin function, which underlies NF2-associated tumor development. Although a wide variety of missense mutations of the NF2 gene cause loss of merlin function, the cause of this functional loss remains unknown. Specifically, the ability of various different single nucleotide substitutions by missense mutations in the NF2 gene coding regions to give rise to similar manifestations of merlin function loss indicates that there may be a convergent effect of mutations on merlin protein. To gain insight into the mechanisms underlying loss of merlin function in NF2, we investigated mutated merlin homeostasis and function in NF2-associated tumors and cell lines.
Results
Quantitative Tumor Suppressor Protein Levels and mRNA Expression.
To assess the levels of merlin expression in NF2 tumors, we quantitatively measured merlin expression in microdissected tumors from NF2 patients using Western blot analysis (Fig. 1A) . Quantitative protein analysis revealed a significant reduction in merlin expression in NF2-associated meningiomas and schwannomas (95% reduction in merlin expression; seven tumors) compared with normal adjacent central nervous system tissue. Consistent with Western blot analysis of merlin expression in NF2-associated tumors, immunofluorescence in NF2-associated tumor specimens demonstrated an absence of merlin expression (Fig.  1B) , with robust merlin expression in corresponding normal tissue in NF2 patients.
Because NF2 mutations could affect associated merlin levels through either decreased mRNA and/or associated total protein levels, we measured mRNA transcript levels for merlin in multiple tumors from NF2 patients (five tumors from five patients).
RT-PCR analysis revealed that NF2 mRNA encoding for merlin is expressed at the same levels in NF2-associated tumors compared with meningioma control cells without genetic mutations in the NF2 gene (Fig. 1C) . The reduced merlin expression in the setting of normal mRNA expression levels in NF2-associated tumors suggests that inactivation of tumor suppressor function occurs as a result of an absolute decrease in merlin levels rather than a decrease in NF2 gene-encoded mRNA.
Half-Life Reduction of Merlin in NF2 Tumor-Derived Mutants. Because NF2-associated functional loss of merlin appeared to occur at the protein level, we hypothesized that increased protein degradation underlies the net loss of function seen in NF2-associated tumors. To test this hypothesis, we investigated the stability of mutant and wild-type merlin. Because missense mutations occur and are well-characterized in NF2, we identified hotspot missense mutations (L46R, L141P, A211D, K413E, Q324L, and L535P) from patients with NF2 and inserted these coding sequences into pCMV6-Entry vectors. After transfection of these vectors into meningioma cell lines deficient in NF2 gene expression, we investigated protein stability using the [ 35 S]-methionine mediated pulse chase assay to quantitatively identify half-life changes in newly synthesized mutant merlin ( Fig. 2A) .
Consistent with effective mutant and wild-type protein translation, pulse chase analysis revealed that newly synthesized mutant and wild-type merlin exist in their full length immediately after pulse labeling and that there was no difference between mutant and wild-type merlin expression levels after initial trans- To whom correspondence may be addressed. E-mail: lonserr@ninds.nih.gov, zhuangp@ ninds.nih.gov, or bradyr@ninds.nih.gov.
lation. Over time, there was a marked reduction in labeled merlin expression compared with wild type, consistent with increased mutant merlin turnover and a reduced mutant merlin half-life compared with wild type (Fig. 2 B and C) . Autoradiography and 35 S liquid scintillation revealed that there was minimal reduction in wild-type merlin expression 6 h after labeling, but 24 h after labeling, the majority of the wild-type merlin was degraded, indicative of merlin turnover under normal conditions. Pulse chase analysis of mutant merlin revealed rapid degradation and a significantly decreased half-life compared with wild-type merlin. For example, in merlin mutant K413E, [
35 S]-merlin expression was found to be <50% of wild-type merlin 4 h after labeling.
Kinetics of Merlin Degradation. To precisely determine differences between mutant and wild-type merlin half-life, we assessed the rate of degradation of wild-type and mutant merlin. Using an established exponential decay regression (7) To determine if reduced merlin function in NF2 also results from impaired merlin functional capacity, we investigated whether mutant merlin maintains its functional capacity by reintroducing it into CH157 NM meningioma cells lacking analogous NF2 gene expression (8) . Specifically, we measured the effects of mutant merlin transfection on cytoskeletal reorganization and growth control. Although merlin does not control cellular proliferation and differentiation directly, it affects these processes indirectly through interactions with cell membrane and cytoskeletal components. In particular, inactivation of NF2 protein causes abnormalities in intracellular filamentous actin (F-actin) organization and stress fiber formation, both of which are characteristics of meningiomas and schwannomas in NF2 patients, as well as the CH157 NM cell line (9, 10) .
Based on the well-described effects of merlin on cytoskeletal function, we initially tested mutant merlin function through its effects on F-actin. Consistent with previous findings (11), strong, bundle-like F-actin stress fiber formation occurred in tumor cells deficient in merlin protein. With the introduction of wild-type merlin into these cells, cytoskeletal abnormalities were eliminated. The bundle-like F-actin was eliminated from the cytoplasm and became localized adjacent to the plasma membrane. Similarly, the introduction of merlin mutants significantly reduced F-actin stress fiber formation. With this intervention, bundle-like F-actin also decreased and accumulated in the cytoplasm and on the plasma membrane. In particular, merlin mutant K413E was found at ruffled areas of cell membrane, suggesting its role in the regulation of membrane dynamics and motility (Fig. 3A) .
Next, we examined the effect of introducing mutant or wildtype merlin on cell to cell contact inhibition in NF2-deficient cells. Functional loss of merlin is also known to affect cellular contact inhibition, which may occur through β-catenin-mediated signaling pathways (12) . Specifically, loss of merlin function results in down-regulation of β-catenin expression via cyclin D1- regulated pathways, which occurs in NF2-associated meningiomas and schwannomas (11, 13) . To determine if wild-type or mutant merlin can maintain normal β-catenin regulation, we tested whether β-catenin and cyclin D1 expression were changed in CH157 NM cells after reintroduction of wild-type and mutant merlin. We found that with such intervention, both mutant and wild-type merlin up-regulated catenin expression and cyclin D1 expression. Further, this effect appears to be specific, because expression of upstream cadherins, including N-and VE-cadherin, remained unaffected with the introduction of mutant and wildtype merlin (Fig. 3B) .
Effect of Mutant Merlin on Tumor Growth. To determine whether transfected mutant merlin can regulate growth of meningioma cells, we performed an MTT proliferation assay on CH157 NM meningioma cell lines transfected with various merlin missense mutations (14) . In cell lines transfected with wild-type merlin, cell growth was reduced by 31.4% compared with cell lines transfected with an empty control vector. Although not as effective as wild-type merlin, introduction of merlin mutants reduced cell growth from 14.6 to 24.9%, a significant effect compared with control (Fig. 3C ). The effect of mutant merlin on cell growth was further assessed by cell cycle analysis using a BrdU incorporation assay. A reduction of 22.5% was found in the S-phase population of cells when wild-type merlin was introduced. When a similar analysis was performed using merlin mutants, L46R and A211D mutants reduced the S-phase population by 18.5 and 13.4%, respectively (Fig. 3D ). These results indicate that merlin mutants maintain intrinsic tumor suppressor function.
Mechanism of Merlin Degradation. It has previously been shown that truncated merlin protein products are degraded through ubiquitin-mediated proteasomal pathways (15) . However, it remains unclear whether missense mutations in merlin result in accelerated degradation by similar mechanisms. To investigate the mechanism of degradation of merlin mutants, immunoprecipitated mutant merlin was probed with an antibody for ubiquitin. Based on Western blot analysis, there was a 42% increase in ubiquitylated merlin mutants compared with wild-type merlin protein (Fig. 3B) . This finding suggests that missense merlin mutants are degraded by a ubiquitin-mediated proteasomal pathway, similar to the known mechanism of wild-type merlin turnover under normal conditions. Thus, deficiency of mutant merlin function in NF2 patients may be due to protein maturation effects resulting from changes in protein structure and conformation, with minimal effects due to changes in intrinsic protein function (16) .
Increased Merlin Expression after Treatment with Proteostasis Regulators. After determining that mutant merlin retains intrinsic tumor suppressor function and that NF2-related loss of merlin function is due to rapid degradation, we sought to investigate a potential treatment strategy that could reduce mutant protein degradation and minimize the effects of decreased tumor suppressor protein function. Specifically, we screened small molecule compounds known to modulate protein degradation and proteostasis. Among these compounds, two flavanoid compounds, celastrol and quercetin, were found to be effective in delaying merlin degradation. Pulse chase analysis demonstrated that celastrol and quercetin treatments both result in increased mutant merlin half-life (Fig.  4A ). This result was confirmed by liquid scintillation analysis of radiolabeled merlin, which revealed an increase in proteasomal mutant merlin from 79.7 to 108.7 and 136.9 cpm (*P < 0.05, **P < 0.01) after treatment with celastrol and quercetin, respectively (Fig.  4B) . Because celastrol had a potent effect on prolonging mutant merlin half-life at lower doses compared with quercetin, we further quantified the effect of celastrol treatment on mutant merlin degradation. Using nonlinear regression, the half-life of merlin mutant K413E was found to increase from 3.7 to 5.5 h after celastrol treatment. These results indicate that modulation of proteostasis and proteosomal degradation pathways can increase mutant merlin half-life and decrease its degradation (Fig. 4 C and D) .
Posttranslational interactions of nascent proteins include those with important mediators of the protein folding and maturation process. To better define the molecular interactions of mutant merlin in the posttranslational period and to further elucidate pathways of merlin degradation, we assessed the levels of known mediators of such processes before and after celastrol treatment. Immunoprecipitated mutant merlin protein treated with celastrol was found to have decreased binding to ubiquitin and increased binding to heat shock protein 70 (Hsp70) and Tcomplex protein 1 (TCP1) (Fig. 4E) , two well-accepted mediators of protein folding and maturation (17, 18) . The effect of celastrol on tumor suppressor protein functional recovery is evidenced by an increase in mutant merlin expression levels and reduced cell proliferation, β-catenin expression, and F-actin stress fiber formation (Fig. 4 F and G) . These results indicate that celastrol prolongs merlin mutant half-life, likely through its effects on mutant protein binding with important mediators of the protein folding and maturation process.
Discussion
Although Knudsen's two-hit model of tumorigenesis describes the genetic mechanism that underlies inherited neoplastic syndromes (19, 20) , the specific pathogenic mechanisms underlying functional loss of gene-specific translated proteins are not known. Despite variable mutations in the NF2 tumor suppressor gene, biallelic loss of this gene results in the loss of merlin function (tumor suppressor protein encoded by the NF2 gene). The loss of merlin function in NF2 results in dysregulation of cellular growth control pathways and uncontrolled cellular proliferation, which gives rise to tumors of the nervous system. To gain insight into mechanisms of merlin functional loss in NF2, we investigated pathways that mediate mutant merlin function, quality control, and degradation. After determining that accelerated protein degradation underlies the loss of mutant merlin function, we identified potential modifiers of merlin degradation pathways that could serve as putative therapeutics in NF2.
To assess whether reduced merlin underlies its functional loss in NF2, we analyzed merlin expression levels in tumors (meningiomas and schwannomas) from NF2 patients. Western blot analysis revealed that there was a significant decrease (95% reduction in meningiomas and schwannomas) in the quantity of merlin across all samples compared with controls. Immunofluorescence underscored these quantitative results and demonstrated the absence of merlin in NF2-associated tumors. These findings are consistent with results from previous work examining the qualitative expression pattern of merlin in tumors from NF2 patients (21) . Although these data indicate that reduced expression or increased degradation could underlie tumor formation in NF2, the potential mechanisms that underlie quantitative loss of merlin in NF2 were unknown.
To determine the cause of underlying quantitative decreases in expression and function of mutant merlin in NF2, we investigated possible mechanisms, including altered gene transcription, abnormal protein translation, and reduced stability of mutant merlin products. Consistent with intact NF2 gene transcription, RT-PCR analysis of NF2-associated tumors demonstrated that NF2 gene mRNA expression levels were similar to those in control cells. Evidence of effective translation was established by pulse chase analysis, which revealed that successful translation of both mutant and wild-type merlin occurs. Whereas evidence of effective transcription and translation of mutant merlin was demonstrated, pulse chase analysis revealed a reduction in mutant merlin half-life across all mutations, which was found to be 2-4 times shorter than that of wild-type merlin. Additionally, increased ubiquitylation of mutant merlin occurred, which suggests that reduced merlin expression in NF2-associated tumors is the result of enhanced degradation through previously described ubiquitin-mediated merlin degradation pathways (7) .
To determine whether reduced total mutant merlin function results from impaired intrinsic function in addition to enhanced degradation, we introduced plasmid vectors containing common NF2 missense mutations (22, 23 ) into a meningioma cell line lacking the NF2 gene. Reintroduction of wild-type or mutant merlin genes in this cell line reversed previously described effects of NF2 deficiency (i.e., abnormalities in intracellular F-actin organization, stress fiber formation, reduced cell to cell contact inhibition, and increased cell proliferation). Specifically, introduction of mutant or wild-type NF2 genes resulted in normalization of the cytoskeleton, including reduction of F-actin stress-fiber formation (11) and restoration of cell to cell contact inhibition. Moreover, incorporation of mutant or wild-type NF2 genes led to a reduction in the S-phase population of cells, indicating a reduction in the proliferative and mitotic capacity. These changes in cell cycle were validated by a reduction in the proliferation of meningioma cells transduced with mutant and wild-type merlin vectors compared with empty vector controls.
Taken together, the preceding results suggest that missense mutations in the NF2 gene encode for mutant merlin that is functionally competent and that intrinsic mutant merlin functional loss does not underlie the pathogenesis of NF2 tumor formation. Rather, enhanced degradation of mutant forms of merlin may in fact underlie the pathogenesis of NF2. These findings provide potential insight into the clinical findings associated with NF2. Specifically, variations in missense mutations resulting in a spectrum of mutant merlin proteins with different degradation rates (as demonstrated by pulse chase and scintillation analyses) may underlie the variable severity of NF2 clinical manifestations and/or the variability of growth patterns associated with NF2-associated tumors. A similar mechanism of protein loss underlies the pathogenesis and disease severity described in Gaucher disease patients in which enzyme quantity, rather than function, was decreased in patients with this heritable neurological disorder (17) .
The finding that amino acid substitutions in mutant merlin result in quantitative reductions in protein expression, rather than intrinsic functional changes, suggests that NF2 missense mutations result in altered protein stability and implicates a protein quality control pathway through which such mutant merlin is detected and degraded within cells. Acceleration of these degradative pathways with missense merlin mutants may occur as a result of protein misfolding, a concept supported by previous work examining the crystal structure of merlin; results from this study demonstrated accelerated degradation of missense merlin mutants, such as L64P, that have altered secondary and tertiary protein structure and may thus lead to improper protein folding (24) . Also consistent with the idea of increased degradation of mutant merlin by protein quality control pathways, the application of proteostasis regulators (celastrol and quercetin) significantly increased merlin half-life.
The results of this study have implications for both diagnostics and therapeutics for NF2 and, potentially, other heritable tumor suppressor syndromes. Current molecular diagnostics are aimed at detecting gene mutations and loss of heterozygosity in tumor suppressor genes, which largely rely on the comparison of singlenucleotide polymorphisms of different alleles using a relatively large quantity of tumor sample as well as patient-matched normal control tissue. The current results suggest that a tumor suppressor protein quantification assay might be of greater utility in the diagnosis of the disease and in the prediction of disease severity. Further, because manipulation of protein quality control pathways using proteostasis regulators results in increased expression of functional mutant tumor suppressor protein, spe-cific molecular mediators involved in these pathways may provide a unique treatment paradigm for NF2 and other similar disorders.
Materials and Methods
NF2 Tumor Samples and Tissue Dissection. All tissue was collected at the Surgical Neurology Branch at National Institute of Neurological Disorders and Stroke. Tissue samples and clinical information were obtained as part of an Institute Review Board-approved study. Frozen tissue samples included three meningiomas, four schwannomas, one perineurioma, and two normal brain and skin samples. Tissue dissection was performed as previously described (25) .
Western Blot. Microdissected tissue and cell pellets were lysed in RIPA lysis buffer (Thermo), sonicated, and centrifuged. The quantity of protein was determined in the supernatant solution using a Bio-Rad Protein Assay kit. Proteins were separated by NuPAGE 4-12% Bis-Tris gel (Invitrogen) and transferred to PVDF membranes (Invitrogen). Membranes were blocked in 5% skim dried milk and immunoblotted with primary antibody. The following antibodies were used: Merlin (1:1,000, Sigma), Flag (1:2,000, Origene), Ubiquitin (1:1,000, Cell Signaling), N-Cadherin (1:1,000, Abcam), VE-Cadherin (1:1,000, Abcam), β-catenin (1:2,000, Cell Signaling), Cyclin D1 (1:1,000, Cell Signaling), Hsp70 (1:1,000, Sigma), Hsp90 (1:1,000, Cell Signaling), TCP1 (1:1,000, Sigma), and β-Actin (1:2,000, Sigma).
Immunoprecipitation. Immunoprecipitation was performed as previously described (17) RT-PCR. Tumor samples were dissected and RNA extraction was performed using the RNeasy extraction kit (Qiagen). RNA was reverse-transcribed with the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) for cDNA. NF2 expression was determined by PCR using gene-specific primers (Invitrogen).
Cell Culture and Transfection. CH157 NM cells were maintained in DMEM (Invitrogen) containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were transfected with wild-type or mutant NF2 vectors by using Lipofectamine 2000 (Invitrogen).
DNA Cloning and Site-Directed Mutagenesis. Mutagenesis was performed using a QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). Missense mutations were selected based on frequent mutations in the NF2 syndrome (22) . Mutations in the NF2 gene were generated in pCMV6-Entry vectors with the full-length wild-type NF2 gene (Origene). For each mutant, the sequence of mutant NF2 genes was verified with DNA sequencing of the entire coding region.
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S Labeling and Pulse Chase Assay. A total of 7 × 10 5 CH157 cells was transfected with mutant merlin vectors 12 h before labeling. Radioisotopic protein labeling with radioisotopes was performed by methionine starvation for 15 min followed by growth in methionine-free DMEM supplemented with 0.2 mCi/mL [ 35 S]-methionine (>1,000 Ci/mmol specific activity, Perkin-Elmer). The cells were then chased in DMEM with 10% FBS and 3 mg/mL methionine. Cells were lysed with RIPA lysis buffer containing a proteinase inhibitor mixture (Thermo). Merlin proteins were immunoprecipitated using 200 μg from whole cell lysates with monoclonal Flag antibody (Origene). Precipitated proteins were fractionated with NuPAGE Novex 4-12% Bis-Tris Gel (Invitrogen) and measured by liquid scintillation counting. The gel was fixed and incubated in EN3HANCE (Perkin-Elmer) for 30 min and dried for subsequent X-ray film exposure.
MTT Metabolic Assay. CH157 NM cells were lipofected with mutant NF2 vectors and aliquoted in triplicate in 96-well plates with a concentration of 5 × 10 3 cells/100 μL of growth media. Cell proliferation was measured using a modified MTT assay kit (ATCC). Absorbance values of formazan were measured at 590 nm with an automatic plate reader.
BrdU Incorporation and Flow Cytometry. To visualize cell cycle changes, CH157 NM cells were labeled with 20 μM BrdU (Sigma) for 2 h. Cells were fixed with 70% ethanol on ice. Cells were then washed with PBS and sequentially treated with 2 N HCl/Triton X-100 and 0.1 M Na 2 B 4 O 7 . Cells were blocked with Superblock (Thermo) and stained with anti-BrdU antibody (BD) followed by Alexa Fluor 488 conjugated secondary antibody. DNA was counterstained with 0.1 mg/mL propidium iodide. Cells were analyzed using a dual-laser FACSVantage SE flow cytometer (Becton Dickinson). Cell Quest Acquisition and Analysis software (Becton Dickinson) was used to acquire and quantify fluorescent signal intensities and to graph the data as bivariate dot density plots.
